The reproductive system of the red stingray Hemitrygon akajei was described from 1,418 specimens, 682 males and 736 females, sampled year-round (2003)(2004)(2005)(2006)(2007)(2008)(2009)(2010)(2011)(2012)(2013)(2014) from Ariake Bay to provide reproductive life history information for conservation and management of the species. Females reach sexual maturity at a larger size than males with the size at 50% sexual maturity 522.2 mm disc width (DW) and 321.5 mm DW, respectively. Male stingrays had semen in the seminal vesicles year-round. Dental sexual dimorphism was aseasonal. The mating period is protracted, spanning 7 consecutive months October-April but ovulation occurred during May. This suggests female sperm storage, which has not been described for dasyatid stingrays. Females have a single functional ovary and uterus (left) and reproduce via aplacental viviparity with lipid histotrophy. Gestation required 3 months with parturition during late July and early August. Uterine eggs without macroscopic embryos were observed during the first half of gestation suggesting a short period of arrested development or diapause. Developmental cohorts based on morphological features were described for embryos and can be used to characterize embryo growth and development for other stingray species. Observations of foetal mortality (1.25%) and morphologically abnormal embryos (0.72%) were uncommon. Pregnancy rate was 90% and reproduction was annual and synchronous. Hemitrygon akajei fecundity ranged from 7 to 25 and increased with female size. Although H. akajei is a medium-sized dasyatid ray, it has the highest fecundity reported for any batoid species. Elasmobranchs life histories usually are associated with a low degree of productivity that results in rapid population decline with increased fishing pressure. Producing high numbers of small young is a successful reproductive strategy for H. akajei that may be partly responsible for their resilience to fishing pressure and continued abundance in Ariake Bay. This study is the first to describe reproduction of H. akajei, an economically important top predator inhabiting coastal ecosystems throughout Asia.
Introduction
Hemitrygon akajei is a whiptail stingray (Chondrichthyes: Dasyatidae) that inhabits sandy bottoms of temperate to tropical seas of the Northwest Pacific (Yamaguchi et al. 2013) . Hemitrygon akajei is endemic to Asia, known from Japan, Korea, Taiwan, China, Thailand (east coast), Malaysia and Indonesia (Yano et al. 2005; Yamaguchi et al. 2013) and also from the Russian Federation, albeit with less frequency (Yamaguchi et al. 2013) . In Japan, H. akajei is a common species found in coastal areas including brackish waters from Hokkaido to the Ogasawara Islands and Okinawa (Amaoka et al. 1989; Randall et al. 1997; Shinohara et al. 2005) .
Ariake Bay, located in Kyushu, is one of the most productive bays in Japan (Takita and Yamaguchi 2009 ). Ariake Bay 1 3 has high species diversity and a large resident population of elasmobranchs including five described and one undescribed Dasyatidae species . Elasmobranchs are non-target species caught by bottom trawlers targeting shrimps in summer and fishes in general during winter and comprise as much as 70-80% of the total catch (by mass) (Yamaguchi 2005) . Hemitrygon akajei is the most common dasyatid caught by gill net (year-round), bottom trawl (May-August and November-February) and longline fisheries (year-round) (Yamaguchi 2009 ).
According to the IUCN Red List, landings of H. akajei are declining (Huveneers and Ishihara 2016) . In 1972, the total catch of stingrays in Ariake Bay was 42 tons. Stingray landings increased to 310 tons in 1988, and subsequently declined to 113 tons in 2006, but no data concerning fishing effort during the same time frame is available for comparison (Kyushu Regional Agricultural Administration Office 1973 . A predator control program was implemented in 2001 to protect shellfish in Ariake Bay, and H. akajei was taken as part of that program; however, catch data are not available to determine the impact of the predator control program on H. akajei or other species (Yamaguchi 2009 ). Current landing records for H. akajei in Ariake Bay are not publicly available, preventing an assessment of changes in population size, distribution and trends over time.
Despite a commercial fishery and predator control program that target H. akajei, there are few biological studies of this species throughout its range and, consequently, little is known about its biology. The feeding habits of H. akajei from Tokyo Bay have been characterized (Taniuchi and Shimizu 1993) . Dental sexual dimorphism, where males develop pointed cuspidate dentition to bite and hold females during copulation, is widespread among batoids and has been described for H. akajei from Tokyo Bay (Bigelow and Schroeder 1953; Taniuchi and Shimizu 1993; Nordell 1994; Kajiura and Tricas 1996) . Temporal changes in tooth morphology associated with the mating season that have been observed for some dasyatid stingrays have not been investigated for H. akajei (Taniuchi and Shimizu 1993; Kajiura and Tricas 1996) . Observations of mating behaviour and parturition for H. akajei were described from stingrays observed in aquaria (Hagiwara 1993) .
There has been no study of the reproductive biology of H. akajei throughout its range, but some reproductive traits are common among dasyatids. Dasyatid stingrays have a single functional left ovary and uterus and reproduce via aplacental viviparity with lipid histotrophy (Capapé 1976; Snelson et al. 1988; Ribeiro et al. 2006; Veras et al. 2014) . Mating is followed immediately by ovulation and fertilization with no evidence for female sperm storage. Gestation may include embryonic diapause, a temporary period of suspended or arrested embryonic development (Snelson et al. 1989; Morris 1999; Wyffels 2009; Waltrick et al. 2012) . Maximum fecundity ranges from 1 for Hypanus marianae (Yokota and Lessa 2007) and Megatrygon microps (Nair and Soundararajan 1976; Pierce et al. 2008) to 13 for H. akajei (Hagiwara 1993) and Pteroplatytrygon violacea (Wilson and Beckett 1970) . Dasyatid stingrays range from 30 cm (pale-edge sharpnose ray Telatrygon zugei) to more than 2 m (roughtail stingray Bathytoshia centroura) in disc width (DW) (Last et al. 2016) . Fecundity increases with female size for select species, but this relationship cannot be generalized for all dasyatids.
Hemitrygon akajei is classified as "Near Threatened" (NT) by the IUCN Red List (Huveneers and Ishihara 2016) . To accurately assess the current population status, impacts of fishing pressure and biological niche of H. akajei in Ariake Bay's ecosystem, information about the life history and especially reproductive habits of H. akajei is needed. Reproductive periodicity, seasonality and variables such as size at maturity and fecundity are helpful to manage stocks and maintain a sustainable fishery. Given the lack of life history information for this species throughout its range and its value as a fisheries resource, the aim of this study was to characterize the reproductive biology of H. akajei from Ariake Bay including embryonic development and foetal mortality rate.
Materials and methods
Study location and survey techniques. Ariake Bay is located in western Kyushu and has a gross area of 1,700 km 2 (Fig. 1) . The bay has extremely specific local environmental features including large tidal ranges (maximum 6 metres), fast currents and expansive tidal flats. The tidal flat area for this bay is the greatest in all of Japan with a gross area of 180-190 km 2 . The northern part of the bay is shallow with a depth less than 20 m, while the southern part of the bay is relatively deep. The mouth of the bay is the deepest area in the southern bay, almost 200 m deep and very narrow, forming a bottleneck barrier or pseudo-closed bay. Mixing with oceanic waters occurs at the mouth of the bay. Stingray specimens were sampled monthly April 2003-April 2014 from the catch of commercial fishing vessels operating in regional fisheries in Ariake Bay. Set nets were used in area A (3-8 m deep, an estuary), gill nets and set nets in area B (8-20 m deep), bottom trawlers in area C (35-65 m deep) and longlines in all three areas (3-200 m deep) (Fig. 1) .
Morphometrics and reproductive data. Disc width (DW, nearest 0.5 mm), body mass (BM, nearest 0.001 g for embryos or 1 g for field specimens) and sex were recorded for each ray. The total number and number of mature males and females in the northern (A and B) and southern (C) areas were subjected to a Chi squared (χ 2 ) test to determine if they differed from parity. For females, presence or absence of semen in the cloaca and cervix was noted and uterus mass (UM, nearest 0.1 g) was measured. For males, clasper length (CL, nearest 0.01 mm), the distance from the outer base of the clasper to its tip, was measured and the presence or absence of semen in the seminal vesicles was noted. Male maturity stages were determined based on the degree of development of testes and claspers: 1) immature, testes and claspers undeveloped; 2) premature or sub-adult, testes becoming lobular, vas deferens beginning to thicken and coil, clasper elongated and flexible, not calcified; and 3) mature, testes and seminal vesicle fully developed, vas deferens fully developed and coiled, semen may be present, claspers calcified. Female maturity stages were determined by the degree of development of the ovary and uterus: 1) immature, ovary comprising white, undifferentiated tissue, uterus thin; 2) premature or sub-adult, ovary carrying small, immature, opaque oocytes, uterus becoming thickened; and 3) mature, ovary containing ova with yolk, uterus fully developed and possibly with eggs or embryos . For all males (n = 682), tooth shape was examined and described as pointed, transitional, or blunt. For females, the number of bite marks on the dorsal body surface where the underlying dermis was exposed was recorded (Kajiura et al. 2000) . Changes in CL and UM relative to disc width were used as indicators of maturity ). Analysis of covariance (ANCOVA) was used to test for differences in the log-transformed linear DW-BM relationship between sexes. Pregnant females (n = 96) and females that were directly observed to abort one or more embryos upon landing (n = 25) were excluded from this analysis because of the high fecundity for this species.
Size at maturity. The percentage of mature individuals in relation to immature and premature individuals for each 10 mm size group was calculated and fitted to the logistic model, Y = [1 + e(aX + b)]
−1 , where Y is the proportion of individuals mature at size X, and a and b are empirical parameters (White and Dharmadi 2007; Kume et al. 2009 ).
Parameters were derived using the statistical software KyPlot 5.0 (KyensLab Inc.). The size at which 50% of each sex attains sexual maturity (size at 50% sexual maturity) was calculated using the equation: size at 50% sexual maturity = − ba −1 ). Male and female reproductive status. The liver and gonad and associated epigonal organ mass (nearest 0.1 g) for mature males and females were collected to assess reproductive status. The gonadosomatic index (I G ) was calculated using the formula: I G = [gonad mass/(body mass − gonad mass)] × 100. Specimens with compromised epigonal organs due to rapid decomposition were excluded from analysis. The monthly I G for mature males was used to approximate the mating season. Livers were removed and weighed to the nearest 0.1 g and the hepatosomatic index (I H ) was calculated using the formula: I H = [liver mass/(body mass − liver mass)] × 100.
Testes removed from mature males were fixed in Bouin's solution for 48 h and transferred to 70% ethanol. They were subsequently dehydrated and embedded in paraffin wax, sectioned to a thickness of 4-5 μm and stained with haematoxylin and eosin (HE). For the purpose of defining developmental stages of spermatogenesis, differentiating sperm cells were classified as spermatogonia (SG), spermatocytes (SC), spermatids (ST), immature spermatozoa (IS) and mature spermatozoa (MS) according to Conrath and Musick (2002) . A representative cross section was selected from the middle of the right or left lobe and the testis classified into one of seven stages of spermatogenesis (I-VII) based on the most developed stage of sperm observed (Maruska et al. 1996) . Monthly proportions of testis stage were calculated with and without the degenerate zone (VII) to characterize the stages of newly formed spermatocysts present in testis that are predominately degenerating.
For each mature female, the diameter of the 5 largest ovarian follicles was measured with an electronic calliper to the nearest 0.01 mm and averaged to assess ovulation. The mature uterus was bisected and the number of uterine eggs, mass of each egg and embryo DW (nearest 0.01 mm) was measured. Because Hemitrygon akajei was susceptible to capture-related uterine discharge, specimens that were observed to abort one or more embryos were removed from fecundity and uterine egg and embryo analyses. Uterine egg and embryo mass (nearest 0.001 g) and sex (when possible) were recorded. The number of male and female embryos for all gravid rays was subjected to a χ 2 test to determine if the sex ratio differed from parity. The relationship between female DW and average uterine egg mass and female I H and fecundity were tested using linear regression. Size at birth was estimated from the largest embryos and the smallest free-swimming neonates. Embryos were classified into 9 developmental cohorts based on easily recognized morphological characteristics (Table 1) . Using data extracted from the literature and including this study, a simple linear regression was used to model the relationships between DW of females and maximum size of young at birth and maximum fecundity for Dasyatinae species: Bathytoshia brevicaudata (Hagiwara 1993; Last and Stevens 2009) , Bathytoshia centroura (Struhsaker 1969; Reed and Gilmore 1981; Capapé 1993) , Bathytoshia lata (Uchida et al. 1990; Furumitsu et al. 2012) , Dasyatis chrysonota (Ebert and Cowley 2009) ; Dasyatis hypostigma (Ribeiro et al. 2006) , Dasyatis marmorata (Capapé and Zaouali 1995) , Dasyatis pastinaca (Capapé 1976; Serena 2005; Saadaoui et al. 2015) , Hemitrygon akajei (Hagiwara 1993) , Hypanus americanus (Ramírez-Mosqueda et al. 2012; Tagliafico et al. 2013) , Hypanus dipterurus (Smith et al. 2007) , Hypanus guttatus Lessa 2006, 2007; Tagliafico et al. 2013) , Hypanus longus (Villavicencio-Garayzar et al. 1994) , Hypanus marianae (Yokota and Lessa 2007) , Hypanus rudis (Springer and Collette 1971) , Hypanus sabinus (Snelson et al. 1988; Johnson and Snelson 1996) , Hypanus say (Snelson et al. 1989) , Megatrygon microps (Nair and Soundararajan 1976; Pierce et al. 2008) , Pteroplatytrygon violacea (Wilson and Beckett 1970; Mazzoleni and Schwingel 2002; Mollet et al. 2002; Hemida et al. 2003; Forselledo et al. 2008; Veras et al. 2014) , Taeniurops meyeni (White and Dharmadi 2007) , Telatrygon biasa (White and Dharmadi 2007) and Telatrygon crozieri (Devadoss 1998; Raje and Zacharia 2009) .
Results
Size distribution and sexual maturity. A total of 1,418 specimens, 682 males and 736 females, were collected from three sampling areas within Ariake Bay ( The size distributions for both sexes were bimodal (Fig. 2) . The first mode represents immature male and female specimens of 150-199 mm DW and the second mode represents mature specimens, 350-399 mm DW for males and 550-599 mm DW for females (Fig. 2) . In area A, an estuary, the number of small specimens (< 200 mm DW) was highest (68.7%) for both sexes. Large specimens (DW > 300 mm males, > 500 mm females) were frequent (82.0% and 67.4% for males and females, respectively) in the northern region (area B). The southern region (area C) has a similar distribution of males and females as the estuary with more immature females than mature females and a nearly equal number of immature and mature males. The smallest free-swimming specimens were 105.0 mm DW for males and 109.5 mm DW for females. The largest specimens were 466.0 mm DW and 4,009.9 g BM for males and 900.0 mm DW and 25,100.0 g BM for females. The largest female was twice the disc width and 6 times the mass of the largest male (Fig. 3) . The relationship between DW and BM was not significantly different between males and females (F = 0.199, d.f. = 1, P > 0.05). The DW-BM model was BM = (2 × 10 −5 ) DW 3.126 (n = 1,289, r 2 = 0.994). The smallest specimens that attained sexual maturity were 313 mm DW for males and 475 mm DW for females. All specimens larger than 347 mm DW for males and 560 mm DW for females were mature. Size at 50% sexual maturity (± 95% confidence interval) was 321.5 (321.4-321.5) mm DW for males and 522.2 (522.1-522.2) mm DW for females (Fig. 4a) . Clasper length increased abruptly in rays > 300 mm DW (premature males, n = 25) with clasper growth slowing after the onset of sexual maturity (Fig. 4b) . Uterus mass began to increase at approximately 500 mm DW, concomitant with the observation of premature females (n = 51), and continued to increase thereafter (Fig. 4c) .
Testis and tooth morphology, spermatogenesis and temporal periodicity. The testes of the Hemitrygon akajei are paired dorsoventrally flattened organs located in the anterior peritoneal cavity and suspended from the dorsal wall by mesorchia. Both testes are functional. Development of seminiferous follicles proceeds radially from the central germinal zone in all directions towards the outer margin of the lobe where they connect to efferent ductules (Fig. 5) . Follicles in the final stages of spermatogenesis are visible around the circumferential perimeter of each lobe ( Fig. 5a-b) .
All males had persisting degenerate zones from February to April (Fig. 5j, 6a ), but newly formed stage II-III spermatocysts also were observed (Fig. 5e-f, 6b ). Follicles containing unreleased and degenerate mature sperm were observed (Fig. 5j) and usually adjacent to follicles with viable mature sperm. Stage I males were observed in all months ( Fig. 5c-d ). Stage II (Fig. 5e ) males occurred between January and June, peaking in February and reached stage IV (Fig 5g) in May and June. Stage V (Fig. 5h ) was observed only in June. Stage VI (Fig. 5i ) males were observed from June until January and all males collected between July and December had mature sperm in their testes. In January, approximately 70% of males were classified as stage VII with degenerate zones in their testes. Stage VII (Fig. 5j ) specimens were observed from January through June. The percentage of males with semen in the seminal vesicles was 100% from September to May and decreased during June (57.6%) and July (56.5%) before rising again in August (92.6%). Immature males (n = 406) had blunt teeth, while premature males possessed transitional (n = 9) or blunt (n = 16) teeth. Tooth shape was not seasonal; teeth were pointed for all mature males (n = 251) throughout the year. Bite marks on the pectoral fins of mature females were observed every month except June, July and August.
Reproductive cycle. Monthly I G of males (Fig. 6c ) showed a clear seasonal variation, increasing from July, peaking during September and October, and decreasing from November. Monthly I H for males had a similar trend as I G , peaking in September (Fig. 6d) . Monthly I G for females had clear seasonality, increasing from August, peaking in April and decreasing gradually from May through July (Fig. 7a) . Monthly I H for females had a similar trend as I G , peaking in April concomitant with maximum ovarian follicle size (Fig. 7b-c) . Average ovarian follicle diameter (mean ± SD) was smallest in September, 8.07 ± 1.30 mm (range 6.39-9.71 mm), and largest in April, 17.62 ± 2.96 mm (range 11.89-21.74 mm) (Fig. 7c) . The largest ovarian follicle diameter observed in this study was 22.60 mm and the latest sampling date that large pre-ovulatory ova were observed was 30 May 2012. Semen was observed in the cloaca or cervix of 1 of 9 pre-ovulatory females in April. Semen was never observed in the cloaca or cervix of females with uterine eggs or embryos (April-August). Uterine eggs were observed for 1 of 10 mature females examined in 28 April and all mature females examined in May. From April to August, the monthly percentage of mature females (n = 185) that were gravid increased progressively from 10% in April to 79.1% in May peaking at 89.6% in June and 89.3% in July before declining abruptly to 7.1% in August. Beginning in September, semen was observed in the cloaca or cervix of females for 7 consecutive months.
Fecundity. Females with uterine eggs (n = 49) and embryos (n = 47) were collected from April to August. Fecundity ranged from 7 to 25 embryos per litter (n = 96, mean ± SD = 12.3 ± 3.5) and was positively correlated with female DW (linear regression; F = 23.37, d.f. = 95, P < 0.05) (Fig. 8a) . Fig. 4 Hemitrygon akajei size at maturity for male and female rays samples from Ariake Bay, Japan from 2003 to 2014. (a) Size at 50% maturity was 321.5 mm disc width (DW) for males (n = 682, white circles) and 522.2 mm DW for females (n = 736, black circles); (b) Clasper length increased abruptly in rays > 300 mm DW (premature males, n = 25) and slowed after the onset of sexual maturity. (c) Uterus mass began to increase at approximately 500 mm DW for premature females (n = 51) and continued to increase thereafter Hemitrygon akajei uterine eggs were enclosed by a fragile translucent pale brown tertiary egg envelope (Fig. 8b ) similar to other dasyatids (Wilson and Beckett 1970; Snelson et al. 1988 Snelson et al. , 1989 Capapé 1993; Capapé and Zaouali 1995; Johnson and Snelson 1996; Ebert and Cowley 2009 ). The uterine eggs of H. akajei were fragile, soft in texture, and pale to bright yellow in colour. Individual egg shape was variable and is constrained by the egg envelope and proximity to other eggs, but generally elongate and more planar than spherical. Invaginations in the yolk surface were obvious for eggs collected early in gestation and their prominence diminished with embryonic yolk consumption and sample fixation.
The mean combined mass for uterine eggs (mean ± SD) by female (n = 49) was 1.272 ± 0.271 (range 0.655-1.793 g). The mass varied widely between females with a significant relationship between DW and average uterine egg mass (linear regression; F = 4.45, d.f. = 48, P < 0.05) (Electronic Supplementary Material (ESM) Fig. S1a ). There was not a significant relationship between the number of uterine eggs and their average mass (linear regression; F = 0.03, d.f. = 48, P > 0.05) (ESM Fig. S1b) . Considering all females, the smallest egg by mass (0.544 g) was 25.5% of the largest egg (2.130 g) (ESM Fig. S1c ). For most females, the range of uterine egg mass was small (ESM Fig. S2 ), but for four females the largest and smallest eggs differed by more than 0.5 g (Fig. 9 ). There was a significant relationship between female I H and fecundity (linear regression; r 2 = 0.05, F = 5.05, P < 0.05). Embryonic development. Gestation for H. akajei in Ariake Bay requires approximately 3 months. For all eleven years combined, uterine eggs were observed from 28 April to 29 June and macroscopic embryos were present from 11 June to 11 August. Thirty-five gravid females collected during April and May (100%) and 22 of 29 gravid females collected in June (75.9%) had uterine eggs. The remaining 7 gravid females collected in June (24.1%) had uterine eggs with macroscopic embryos. Once embryos were (Fig. 10) . The earliest free-swimming specimen (113 mm DW and 59.4 g) was observed on 26 July and the latest embryos (114.88, 121.68 mm DW and 65.1, 77.1 g) were observed on 11 August. Both the largest embryo (128.84 mm DW and 85.1 g) and the smallest free-swimming specimen (105 mm DW and 44.3 g, male) were observed in August. Parturition occurred during late July through mid-August and size at birth was 105-130 mm DW.
Using previously published data for 19 dasyatid species and including this study, larger species bear larger young (linear regression; F = 68.67, d.f. = 27, P < 0.05) (Fig. 11a) . The fecundity range for 20 dasyatids excluding H. akajei is 1-13 with most species less than 7 (Fig. 11b) . There was no relationship between female maximum size and fecundity (Fig. 11b , linear regression; F = 0.012, d.f. = 36, P > 0.05).
A total of 623 uterine eggs without macroscopic embryos from 49 females and 559 embryos from 47 females were collected, sexed (n = 457) and assigned to developmental cohorts: stage 1 (n = 49), stage 2 (n = 3), stage 3 (n = 4), stage 4 (n = 3), stage 5 (n = 1), stage 6 (n = 7), stage 7 (n = 1), stage 8 (n = 21), and stage 9 (n = 7) based on their morphological characteristics (Table 1, Fig. 12 ). The sex ratio for embryos (F:M 1:0.90) was not significantly different from the expected 1:1 ratio (χ 2 = 1.37, d.f. = 1, P > 0.05). As embryo DW increased, the mass of the external yolk sac decreased (Fig. 13) . External yolk-sac mass was approximately 1 g for embryonic stages 2-3 and decreased to 0.065-0.461 g by stage 6. The yolk sac was mostly absorbed with a mass of less than 0.02 g at stage 8. Embryo body mass increased sharply after stage 6 (mean 5.459 g) and attained a mean of 61.479 g by stage 9. In conjunction with yolk depletion, embryonic nutrition transitioned to histotroph until parturition. Foetal mortality. A total of 559 embryos from 47 females were examined and, of them, 4 females had 5 dead embryos and 2 unfertilized or undeveloped eggs within the uterus (Fig. 14) . The foetal mortality rate including all 47 gravid females was 1.25%. The first female (706 mm DW) with foetal mortality was collected on 13 July 2006. She had 16 embryos and 2 unfertilized or undeveloped eggs or 11.1% foetal mortality. The remaining 3 females (591 mm DW, 18 July 2006; 600 mm DW, 11 August 2006; 533 mm DW, 23 July 2012) had partially developed but dead embryos in their uteri resulting in foetal mortality rates of 13.3%, 14.3%, and 10.0%, by litter, respectively.
Abnormal embryos. Four morphologically abnormal, but live embryos alongside seven healthy embryos were observed in a single gravid female (521 mm DW) collected on 18 July 2007. All other females (n = 46) presented normal embryos. The embryos were at embryonic stage 8 and their abnormalities involved the head and pectoral fins (n = 2) or tail (n = 2) (Fig. 15) . The embryos had significantly smaller Sample size for each month is indicated above the bar. Monthly distribution of the mean ± standard deviation for (c) gonadosomatic and (d) hepatosomatic index showed a clear seasonal variation, increasing from July, peaking during September and October, and decreasing from November disc widths compared to normal embryos at the same stage of development (one-way ANOVA; F = 6.65, d.f. = 10, P < 0.05). The percentage of morphologically abnormal H. akajei embryos observed in Ariake Bay was 0.72% (n = 4).
Discussion
Hemitrygon akajei is a top predator of coastal ecosystems throughout Asia that is targeted in regional fisheries. This is the first study of its reproductive life history throughout its range. All life stages were present year-round in Ariake Bay suggesting it is an essential habitat for the species. Reproduction of H. akajei is characterized by a protracted mating period, high fecundity, short gestation and a synchronous annual periodicity.
Size distribution and maturity. Hemitrygon akajei utilize different regions of Ariake Bay, dependent on their sex and maturity stage. Mature rays were segregated by sex and the smallest specimens were most abundant in the estuary areas. The bimodal size distribution for both males and females observed in Ariake Bay is similar to Atlantic stingray Hypanus sabinus in Florida Coastal Lagoons (Snelson et al. 1988 ). Snelson et al. (1988) attributed the bimodal distribution to be an artefact of sampling methodology, but partially based on the age, growth, and mortality characteristics of the population. For this study, the bimodal Fig. 9 The distribution of egg mass differences between the largest and smallest uterine egg by female (n = 49) for gravid Hemitrygon akajei collected from Ariake Bay, Japan, from 2003 to 2014. Within a litter, uterine eggs were provisioned with a similar mass of yolk to support initial embryo growth with the exception of four females who had at least one egg more than 0.5 g lighter than the largest egg distribution may be related to habitat preference that accompanies changes in body size and sexual maturity as well as an artefact of sampling methodology. For example, shallower areas including estuaries are used often as a nursery ground and yield predominantly small immature specimens (Martins et al. 2018 ).
The maximum size for H. akajei females in Ariake Bay includes the largest on record for this species, exceeding the previously reported maximum size (app. 800 mm DW) from Tokyo Bay (Taniuchi and Shimizu 1993) . However, the maximum size of males in Ariake Bay is approximately 10% or 50 mm smaller than that of Tokyo Bay (approximately 500 mm DW) (Taniuchi and Shimizu 1993) . The size at maturity for H. akajei in Ariake Bay was smaller than described for the Tokyo Bay population, where all specimens > 400 mm DW for males and > 600 mm DW for females were mature (Taniuchi and Shimizu 1993) . Geographical differences in size at maturity have been reported in starspotted smooth-hound Mustelus manazo from 5 populations around Japanese and Taiwanese waters (Yamaguchi et al. 2000) , and cownose ray Rhinoptera bonasus from the Gulf of Mexico and Chesapeake Bay (Neer and Thompson 2005) . In general, populations living in high latitude areas show a trend to attain a larger size, are slow to mature and have longer life spans and higher fecundity when compared to populations in low latitude areas for the same species (Cope 2006) . Tokyo Bay and Ariake Bay are separated by 2° in latitude, with Tokyo Bay the higher of the two areas, which may account for the differences in ray size observed.
Reproduction. The reproductive cycle of male H. akajei indicates males are capable of reproduction year-round. Male I G mirrored I H similar to blue stingray Dasyatis chrysonota (Ebert and Cowley 2009 ) with peak I G following approximately four weeks after peak I H as observed for H. sabinus (Maruska et al. 1996) . Spermatocycts containing mature testicular sperm dominate the testis at the same time as peak I G and I H , with recrudescence evident 3-4 months later. At the time of ovulation, semen for mating is provided from seminal vesicle stores because mature sperm are not observed in the testis.
Hemitrygon akajei females in Ariake Bay have an annual and synchronous reproductive cycle similar to The pectoral fins are fused forming the disc, the yolk sac and gill filaments persist (34.60 mm DW) (g) Stage 7: Gill filaments are resorbed but the yolk sac remains (51.98 mm DW) (h) Stage 8: The yolk sac is resorbed and the body is free of pigmentation (86.00 mm DW) (i) Stage 9: Body pigmentation is present (119.59 mm DW). Scale bar for all images is 10 mm H. sabinus and Hypanus say (Snelson et al. 1988 (Snelson et al. , 1989 Maruska et al. 1996) . Female I G and maximum follicle diameter followed a clear seasonal trend with a maximum in April corresponding to ovulation in May. The maximum ovarian follicle diameter (22.60 mm) was comparable to similar sized batoids (EMS Table S1 ). Female I H seasonality trends were less pronounced than I G , but peaked near the time of ovulation and were lowest during late gestation in common with H. sabinus (Maruska et al. 1996) and D. chrysonota (Ebert and Cowley 2009 ). Seasonal changes in I H for female lesser guitarfish Acroteriobatus annulatus were directly correlated with liver lipid content and decreased during vitellogenesis (Rossouw 1987) . A continuous drop in female muscular and hepatic lipid content during gestation demonstrates the energy deficit females endure during gestation (Abdel-Aziz and El-Nady 1993). Hepatosomatic index is higher in H. akajei females compared to males and the range over the reproductive cycle is greater suggesting a larger investment and turnover of energy with reproductive output compared to males.
The pregnancy rate for mature females in Ariake Bay was 90% indicating a high rate of reproductive success. Only eight mature females sampled during summer were not gravid and five of the eight had below average body condition. Their I H fell within the lowest 10% observed for mature females. Poor condition may have been a limiting factor for reproductive success of these H. akajei females similar to observations for H. sabinus (Johnson and Snelson 1996) .
Biting is an integral part of courtship and mating for elasmobranchs and changes in tooth morphology from a blunt molariform dentition to a pointed cuspidate dentition increase the male's grip strength for holding females to facilitate copulation (Bigelow and Schroeder 1953; Kajiura and Tricas 1996) . Females retain a blunt molariform dentition specialized for feeding year-round, but dental sexual dimorphism for males may be seasonal depending on species (Kajiura and Tricas 1996) . The diet of male and female H. akajei in Tokyo Bay did not differ, but tooth morphology was described as pointed for mature males (Taniuchi and Shimizu 1993) . However, seasonality for the dental dimorphism was not described. Once mature, H. akajei in Ariake Bay have pointed cuspidate dentition. Kajiura et al. (2000) reported wild caught H. sabinus females with recent matingrelated bite marks healed after approximately two weeks in an aquarium. Assuming bite mark wound healing requires a similar time frame in H. akajei, the mating period of H. akajei in Ariake Bay extends maximally from September through May.
In addition to circumstantial evidence for mating from September through May from dermal bite marks, successful mating based on the presence of sperm in the female's cloaca and/or cervix was confirmed for seven consecutive months, October through April. Because ovulation occurred during May, this sequela suggests female sperm storage, which has not been described for dasyatids or other rays in Ariake Bay. Both H. sabinus and H. akajei have a 7-8 month protracted mating period, but H. sabinus males have seasonally dimorphic dentition (Kajiura and Tricas 1996) while H. akajei males are permanently dimorphic. Further studies are needed to understand the implications of permanent versus seasonal dental dimorphism on feeding and reproduction for dasyatid stingrays. Why H. akajei and H. sabinus have a protracted mating period is not understood, but may be related to male competition, induced ovulation and androgen-influenced mating behavior (Maruska et al. 1996; Tricas et al. 2000) .
For H. akajei, female maximum size was approximately twice that of males. Sexual dimorphism among chondrichthyans is associated with viviparity. For all species, the number of embryos is ultimately limited by uterine space, which in turn is determined by the size of the female (Martin and Cailliet 1988) . Within species, larger females would be expected to have increased fecundity compared to smaller females to maximize reproductive fitness. Female size and fecundity were correlated for H. akajei, but this relationship cannot be generalized for all dasyatid stingrays. Considering this study, fecundity of 15 or more was observed for a wide range of H. akajei DW. Therefore, other factors such as body condition and I H may limit fecundity for females who have uterine capacity, but do not have resources for ova and embryo development.
Stingray fecundity is typically low and notoriously difficult to estimate for Myliobatiform rays, because embryos are commonly aborted due to capture-related stress (Smith et al. 2007; Adams et al. 2018) . The average capture-induced parturition frequency for Dasyatinae from four studies on three species was 61.3% (Struhsaker 1969; Mollet 2002; Siqueira and Sant'Anna 2007; Saadaoui et al. 2015) , whereas; in this study the frequency for H. akajei was 20.7%. Captureinduced parturition for moribund H. akajei females was Fig. 13 The relationship between disc width and external yolk-sac mass and embryo body mass for Hemitrygon akajei embryos collected from Ariake Bay, Japan, from 2003 to 2014. Embryo disc width increases occur primarily after the yolk sac is depleted observed commonly, but short gill net set time and immediate examination of specimens may have contributed to the decreased rate of capture-induced parturition observed in this study. A temporal effect on fecundity was reported for lobed stingaree Urolophus lobatus, where the mean number of embryos declined significantly from 2.9 to 1.3 during gestation, indicating some embryos were aborted during pregnancy (White et al. 2001) but no evidence for this was observed for H. akajei.
Fecundity for H. akajei in Ariake Bay is highest among reported values for this species across Asia and the highest for aplacental viviparous rays with a single functional uterus and histotrophy (Hagiwara 1993; Kim et al. 2005) . Hemitrygon akajei's high fecundity is both interesting and important to consider when evaluating their reproductive strategy and abundance in Ariake Bay. Considering the fecundity of three species with a similar maximum size as H. akajei: D. chrysonota (Ebert and Cowley 2009) , Hypanus dipterurus (Smith (Snelson et al. 1989) , the number of embryos for H. akajei is 3.6-8.3 fold greater. Additionally, comparing stingray size at parturition for the same three species, (D. chrysonota, (172) (173) (174) (175) (176) (177) (178) (179) (180) (181) (182) (183) (184) H. dipterurus, and H. say, , size at birth for H. akajei is smallest (105-130 mm DW). Hemitrygon akajei utilizes a reproductive strategy that yields a high number of smaller young rather than a small number of large young. This direct trade-off between number of embryos and the size at birth of each embryo has been reported for other viviparous shark species including hemigaleids, carcharhinids and sphyrnids (Compagno 1988) . The implications of this trade-off include higher predation and lower survival rate compared to species that produce few but larger young, although data from this study cannot address survivorship directly.
Embryonic growth and development. Gestation for H. akajei in Ariake Bay requires approximately three months, but uterine eggs without macroscopic embryos were observed during the first half of the gestation period suggesting that H. akajei utilizes diapause, a period of arrested development, observed for other elasmobranchs (Wyffels 2009 ). Once macroscopic embryos were observed, the time required for H. akajei to complete embryonic development (1-1.5 months) was similar to H. say excluding diapause [1.5-2 months, (Snelson et al. 1989 (Capapé and Zaouali 1995) ] is almost twice as long as that of H. akajei. Embryonic nutrition can be derived from yolk and histotroph until midgestation (stage 6) when the external yolk sac is re-absorbed and yolk exhausted. Concomitantly, the uterine mucosa develops trophonemata that provide surface area for gas exchange and histotroph to nourish the embryos for the latter half of development until parturition (Hamlett et al. 1985) . There are few studies on detailed developmental processes of dasyatids that include photos of embryonic stages (Forselledo et al. 2008; Ebert and Cowley 2009) , and thus this study provides very important and fundamental information to characterize embryonic development and the transition of nutrient source during gestation for H. akajei and stingrays in general. This is the first report for size at birth for wild specimens of H. akajei. The size at birth, estimated in this study, 105-130 mm DW and 44.3-85.1 g, is considerably smaller , [193] [194] [195] , from females at Shimoda Floating Aquarium, Shizuoka Pref., Japan (Hagiwara 1993) . A similar observation was reported for spotted eagle rays Aetobatus narinari, where size at birth for aquarium specimens (400-590 mm DW) was larger than that of wild specimens (170-360 mm DW) (Mahon et al. 2004 ), but no difference was observed between Hypanus americanus aquarium specimens (200-340 mm DW; Henningsen 2000) and wild specimens (230-340 mm DW; Ramírez-Mosqueda et al. 2012 ). The reported size at birth differences between wild and aquarium rays may be caused by delayed parturition, optimal feeding or reduced fecundity (Janse et al. 2010 ).
This study is the first report of foetal mortality rate for wild-caught viviparous rays. Baremore and Hale (2012) reported 34% of Carcharhinus plumbeus gravid females examined (n = 99) carried one or more unfertilized eggs (mean 1.3). In addition to unfertilized eggs, three mummified embryos were observed, two within one uterus. They concluded that the foetal mortality rate (unfertilized uterine eggs and mummified embryos) for C. plumbeus is relatively low and the phenomenon of embryo mummification and occurrence of unfertilized ova is common among shark species. There are additional reports on the occurrence of mummified embryos for Carcharhinus falciformis (SandovalCastillo and Villavicencio-Garayzar 2008), Carcharhinus obscurus (Clark and von Schmidt 1965) , C. plumbeus (Clark and von Schmidt 1965; Rosa-Molinar et al. 1983; Baremore and Hale 2012) , Galeocerdo cuvier (Clark and von Schmidt 1965) , Mustelus norrisi (Clark and von Schmidt 1965) and Triaenodon obesus (Randall 1977) . These species are all viviparous with a yolk-sac placenta except G. cuvier which is aplacental viviparous.
In general, foetal mortality is higher for oviparous species when compared with viviparous species. Six Chiloscyllium punctatum females laid a total of 692 eggs over two years, but 67.1% were not viable, 11.6% of embryos died during incubation and 21.4% yielded hatchlings (Harahush et al. 2007 ). In other reports for oviparous elasmobranchs, the hatching rate was 27.1% for Chiloscyllium plagiosum (Chen and Liu 2006) , 73.0% for Dipturus laevis, 59.4% for Leucoraja ocellata and 37.5% for Amblyraja radiata (Parent et al. 2008) . Palm et al. (2011) suggested that the average viability rate for A. radiata (74.1%) is one of the highest recorded in the primary literature for any skate species. However, these observations for oviparous species are from fish in aquariums and a direct comparison with wild and viviparous species such as H. akajei is not valid. Regardless of reproductive mode, 98.75% viability as observed in this study for H. akajei is high among elasmobranchs.
Adult specimens with abnormal morphology are observed only rarely in batoid species, but abnormal embryos do occur, as described in this study. Springer (1960) estimated that the frequency of observing a litter with one or more abnormal specimens of C. plumbeus is one in 500 to 1,000 normal litters. Records on the occurrence of abnormal specimens including embryos in batoid species include a 1.3% occurrence rate from total catches of Pteroplatytrygon violacea Abnormal specimens described above, except H. dipterurus from the Gulf of California, were collected shortly after birth as estimated from reported DW range at birth in this or previous studies (Hagiwara 1993; Villavicencio-Garayzar et al. 1994; Smith et al. 2007 ). The H. dipterurus caught off Sonora, in the Gulf of California, Mexico, was 364 mm DW, much larger than the reported range for size at birth (190-280 mm DW; Smith et al. 2007 ) but still not mature (Blanco-Parra and Niño-Torres 2011). For all rays, the physical deformity observed was associated with the pectoral fins (Honma and Sugihara 1971; Lamilla et al. 1995; Yamaguchi 2004; Escobar-Sánchez et al. 2009 ; Blanco-Parra and Niño-Torres 2011). As a result, for rays that survive to parturition, motility and feeding might be affected adversely resulting in high mortality rate (Yamaguchi 2004; Escobar-Sánchez et al. 2009 ). Mature females with morphological abnormalities have been observed for only one ray, P. violacea, 475 mm DW, which was gravid at the time of collection with an embryo that was morphologically abnormal as well . Species in which mature male specimens with morphological abnormalities were sampled include H. akajei (390 mm DW, 2,400 g BM) and Hypanus guttatus (520 mm DW, 5,000 g BM) caught off Maizuru in the Sea of Japan (Yamaguchi 2004 ) and the northern coast of Colombia (Ramírez-Hernandez et al. 2011), respectively. All morphologically abnormal mature rays had incompletely fused pectoral fins. Among 1,418 specimens of H. akajei spanning 11 years from Ariake Bay, no abnormal specimens (except embryos) were observed. The frequency of abnormal embryonic specimens (0.72%) of H. akajei in Ariake Bay is relatively low.
Conservation and future study. Hemitrygon akajei is a target species of longline fisheries in coastal areas including estuaries such as Ariake Bay but catch data is not available to assess population structure and monitor the effects of regional fisheries over time. Because fishermen land fish greater than 500 mm DW, and release fish smaller than 500 mm DW, fishing pressure is biased towards mature females. Removing the largest females impacts the next generation more than smaller mature females, because fecundity increases with female size. This has important implications for conservation and management practices. The high fecundity of this elasmobranch species likely contributes towards sustaining its biomass and resilience to fishing pressure (Kindsvater et al. 2016) . Confirmation of embryonic diapause and its role in the reproductive strategy is the subject of current research efforts in the laboratory. Understanding how the unusually high fecundity of this elasmobranch contributes to its resilience is important for successful management of the species.
